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ABSTRACT
Borohydride fuel cell has been constructed for the first time using multi-walled
carbon nanotubes (MCNT), functionalized MWCNT, platinized MWCNT or
polycarbzole (Pcz) as electrodes. The output characteristics of borohydride fuel cell with
platinized MWCNT electrodes have been shown to be superior to the conventional
graphite based borohydride fuel cells. The catalytic activity of platinized carbon
nanotubes has also been established in this study.
The MWCNTs have been functionalized by refluxing in 60-70% nitric acid for a
period of 12 hours. The functionalized MWCNTs were characterized by FTIR and TGA.
Platinization of MWCNTs was carried out electrochemically from chloroplatinic acid.
Platinization of the tubes was demonstrated through SEM and XRD. Cyclic Voltammetry
was used to characterize the platinum inMWCNT.
Fuel cells were constructed using MWCNT of different forms as the anode and
commercially available oxygen electrode as the cathode. The current values at different
loads were measured and plotted to construct the "load curves". From this data, the power
density maps were generated. The power output of borohydride fuel cell has been shown
to be higher than the graphite based fuel cell. The performance of borohydride fuel cells
with Pcz electrode could not be decisive as the polymer deposited on platinum was used
in the experiments. The polymer tends to peel off with time due to hydrogen bubbles
generated in the medium. In the short time of the cell operation, it produced open circuit
voltage of 1.369 V that is about 50% more than the commercially available borohydride
fuel cell. However, it was noticed that it functions well as the cathode material in the
borohydride fuel cells.
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CHAPTER 1
1. Introduction
Electrical power (electricity) is produced by a wide variety of ways such as
thermal, hydro, nuclear, wind and fuel cells. Among these methods, power generation by
fuel cell is considered to be the most efficient (efficiency of about 80%) and pollution
free. Consequently the entire world is turning towards examining the feasibility of
adopting the fuel cell technology for electric power generation. [1].
Fuel cells produce electricity through electrochemical reactions. Typically fuel
cells have an anode and cathode separated by an electrolyte. In operation, a fuel such as
hydrogen is fed into the anode and an oxidizer such as oxygen (or air) is fed into the
cathode. One type of fuel cell is depicted in Figure 1.
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Fig.l: Hydrogen-oxygen fuel cell (www.fuelcell.org)
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1.1 History of Fuel Cells:
In 1883, Sir, William Grove of Svensea, Wales invented the gaseous, voltaic
battery, now referred to as fuel cell. He used two platinum electrodes, halfway,
submerged in a beaker of aqueous sulfuric acid as an electrolyte, with tubes inverted over
each electrode, one, containing hydrogen, the other oxygen.
+
/electrolyser
Figure 3. Grove's gas battery' (1839) produced a voltage of about 1 volt, shown left. Grove's 'gas
powering an electrolyzer (1842). shown right. (Photo courtesy ofBerry, 2000)
Fig. 2. Grove's Gas Battery (www.fuelcells.org)
When the tubes were lowered, the gases displaced the electrolyte leaving only a thin
layer of acid on the electrodes. A galvanometer connecting the two electrodes deflected
indicating current flow. In 1889 Mond and Langer [1, 2] built the first prototype of the
practical fuel cell (i.e. sustaining the fuel cell reaction) by solving the problem of
electrolyte flooding (caused by the liquid electrolyte mixture in a matrix). They used a
diaphragm to contain the sulfuric acid electrolyte. In 1937, Bauer and Preis [1,2 and 3]
developed the Solid Oxide Fuel Cell (SOFC). This was followed by the invention of the
Alkaline Fuel Cells (AFC) in 1946 by Davtyan [1, 2 and 3] in Russia. Apollo space
13
mission had AFC fuel cells designed to operate at 27-31 V, 463-1420 W for at least 400
hours and provided water supply to the astronauts throughout the two-week mission to
the moon in addition to electricity. Direct Methanol Fuel Cell (DMFC) was developed at
Shell and Esso [1,2 and 3] in 1965 to produce electricity with methanol as the fuel. In
1967, Pratt and Whitney [1, 2 and 3] developed the Phosphoric Acid Fuel Cell (PAFC) to
use natural gas, but first reforming it to hydrogen. The Solid Polymer (proton exchange
membrane) fuel cell was developed at General Electric in 1960 and provided on- board
electric power due to the membrane degradation in the oxidative environment at the
cathode electrode. This was corrected when DuPont invented Nafion membrane in 1972
[1,2 and 3].
1.2 Characteristics and Advantages of Fuel Cell Systems
High efficiency and reliability compared to batteries and other fuel sources.
Efficiency can be very high (up to 70-80%) for the fuel cells with co-generation
as compared to the system efficiency of current power generation, which is
around 40-50%. [3,4]
There are no moving parts in fuel cells and a very few parts in the fuel cell system
so that it has higher reliability compared to an internal combustion engine or a gas
turbine power plant.
Fuel cell power plant emissions are at least 10 times lower than the most stringent
California standards. They produce lower amounts of carbon dioxide and hence
environmentally stable too.
Since there is no combustion, fuel cells are quite too and do not produce noise
pollution.
Operating costs benefits include load following, power factor correction, quick
response to generating unit outages, control of distribution line voltage and
quality control.
Control of power factor, line voltage and frequency can minimize transmission
losses, reduce requirement for reserve capacity and auxiliary electric equipment.
Fuel cell performance is independent of power plant size. The efficiency does not
deteriorate going from MW to kW to W size power plants.
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Fuel cells do not require lengthy charging, just add the fuel and start immediately.
A fuel cell running on methanol could power up to 20 times longer than
traditional nickel-cadmium batteries in a comparable packaging size with a lower
price and a small fraction ofweight.
1.3 Different Types of Fuel Cells and their Electrochemical Reactions
Several different types of fuel cells are being examined for technological
applications. The nature of the electrochemical reactions is different in each type
and the following table gives the details. [1, 3, 4 and 5]
Table 1. ElectrochemicalReactions in Fuel cells
Fuel Cell type Anode Reaction Cathode Reaction Overall Reaction
Polymer Exchange
Membrane Fuel Cell
(PEMFC)
H2(g)^ 2H+(aq) + 2e- >/202 (g) +
2H+
(aq) +
2e- -* H2 0 (1)
H2 (g) + V402 (g) - H2 0
(1)
Phosphoric acid
Fuel Cell (PAFC)
H2 (g) -
2H+
(aq) + 2e- !402 (g) +
2H+
(aq) +
2e- -* H2 0 (1)
H2 (g) + V402 (g) + C02-
H2 0 (1) + C02
Molten Carbonate
Fuel Cell (MCFC)
H2 (g) + (C03) 2- - H20 (g) +
C02 (g) + 2e-
>/202 (g) + C02 (g) +
2e-^
(C03)2"
H2 (g) + Vi02 (g) + C02
(g) - H20 (g) + C02 (g)
Solid Oxide Fuel
Cell (SOFC)
H2(g) + 02-- H20(g) + 2e- 02 (g) + H20 (1) +
2e-^ 2(0H)"(aq)
H2 (g) + V2 02 (g) - H20
(1)
Direct Methanol
Fuel Cell (DMFC)
CH3OH (aq) + H20 (1) -* C02
(g) +
6H+
(aq) + 6e-
6lT (aq) + 6e- + 3/2
02(g)- 3H20(1)
CH3OH (aq) + 3/2 02 (g)
- C02(g) + 2H20(1)
1.4 Summary of Parameters
Table 2 gives the type of electrolyte used in the fuel cell, catalyst employed to
drive the electrochemical reactions faster, operating temperature, membranes uses
and application details. [1, 3, 4 and 5]
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Table 2 Operating Details OfFuel Cells
Fuel cells PEMFC DMFC AFC PAFC MCFC SOFC
Parameters
Electrolyte Polymer Polymer Soln. of Liquid Hot and Solid oxide
Membrane membrane con. KOH
concentrated
100%
corrosive liquid ceramic
e.g. Nafion e.g. Nafion in water Phosphoric molten carbonate Ytrium
(30-50%)
acid
(Li2C03/Na2C03)
retained in a
ceramic matrix
ofLiAIOz)
stabilized
Zirconium
dioxide
(Zr02/Y203)
Operating 50- 100 25-90 50 - 200 150-200 600-700 600-1000
temperature
range (C)
Fuel on Hydrogen Methanol Hydrogen Hydrogen Hydrogen, Hydrogen,
anode side
Carbon
monoxide,
Methane
Carbon
monoxide
Catalyst Pt, Pt/Ru Pton
Cathode,
Pt/Ruon
anode
Platinum Platinum Nickel Platinum,
Pervoskite
Power 3.8-6.5 0.4-0.6 at ~1 0.8-1.9 1.5-2.6 0.1-1.5
density R.T, CO
[kW/m2] poisoning at
higher temp
Fuel 50-60 20-30 50-60 50-55 55-65 60-65
efficiency %
Poisoning of
catalyst.
Status of Demo. Demo. Up to Up to 16 Most Commercial and Demo.
development systems up
100 W, <10
W being
kW
systems
commercial
systems
pre-commercial
units are
Systems up to
2MW.
to 50 kW developed for developed operating at available in 250
portable for space 200 kW, kW, lmW and
applications. applications
Demo.
Systems up
to 300 kW
llmWunit
has been
tested
3mW
16
1.5 Borohydride Fuel Cell Reactions:
In the above types of fuel cells (Table 2) the fuel used is hydrogen or methanol,
methane. Several other fuels are being considered that would be advantageous in power
generation. One such fuel is borohydride that can theoretically generate eight electrons.
In comparison hydrogen oxidation can produce two electrons. Sodium borohydride is a
water-soluble reducing agent, which oxidizes in aqueous alkaline media. The use of
sodium borohydride as a fuel is interesting mainly due to the anodic reaction, which
releases 8 electrons.
The reaction at anode is:
BH4"+ 8
OH"
>
B02"
+ 6 H20 + 8 e- (1)
The corresponding reaction at cathode is:
8 e- + 4 H20 + 2 02 > 8
OH"
(2)
The overall reaction is:
BH4"
+ 2 02 > B02 + 2 H20 (3)
Reaction 3 is barely found to happen in practice because the anodic reactions on
electrodes have to compete with the hydrolysis reaction as follows:
BH4"
+ 2H20^
B02"
+ 4H2 (4)
The actual anodic reaction will be as follows:
BH4"+ -*
B02"
+(x - 2) H20 + (4 - 12 x) H2 + xe (5)
x here represents the actual number of the electrons released by each BHf ion and it is
called the columbic number
The fuel cell voltage is governed by the above reactions. For reaction (1) the standard
potential is E= -1.24 V and for reaction (2), E=0.40 V [6]. Hence the expected fuel cell
voltage is 1 .64 V. If the borohydride is hydrolyzed to produce hydrogen and hydrogen is
oxidized as in the case of hydrogen-oxygen fuel cell, the expected voltage would be
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reduced to 0.42 V, if operated as above without direct borohydride oxidation. On the
other hand if operated as a fuel supplier to hydrogen-oxygen fuel cell, the expected
voltage could be 1 .23 V.
1.6 Advantages of Sodium Borohydride as a Fuel over other Fuel Cells [6, 7, 8]:
A maximum of 8 electrons are available through electrochemical oxidation per
borohydride molecule. Borohydrides also contain 10.6-wt % hydrogen, which is
much more than hydrogen storage alloys. The hydrogen can be obtained by
hydrolysis. Thus it can give higher energy density than other fuels.
No gaseous products thatwould poison the catalyst.
Sodium borohydride has low equivalent weight of 4.73 g.
Sodium borohydride is chemically stable.
Discharge products are water and sodium metaborate. Sodium metaborate can be
converted back to coke by reducing it with coke and methane.
The use of fuel soluble in electrolyte minimizes polarization at high current
densities.
It will not be necessary to rely on gas diffusion to transport reactants to the active
sites. The circulating liquid can also serve as a heat transfermodule.
1.7 Developments in Borohydride Fuel Cell:
Direct borohydride fuel cells were first proposed in early 1960 [7, 8]. Indig and
Snyder [8] used sintered Ni anode (porosity 80%) and reported promising polarization
behavior for BH4 oxidation in a 20 wt. % NaOH - 6 wt. % NaBILt electrolyte at 75 C.
At a current density
200mAcm"2
the anode potential was about -1.125 V versus Hg/HgO
(i.e., -0.2 V vs. SHE) [8]. In another study, Jasinski [7] compared the electrocatalytic
activities for KBH4 oxidation of Pt, Pd and Ni2B electrodes by investigating not only the
polarization behavior but also the performance of borohydride fuel cells. The operating
cell voltage of a KBH4/02 fuel cell composed of a Ni2B anode (effective surface area 25-
30m2
g"1), Pt cathode and asbestos separator with a 2 wt.% KBH4 25 wt.% KOH
electrolyte, was 0.95 V at 45 .C for a current density of lOOmAcm"2. Under similar
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conditions, but using a Pt anode (catalyst loading of 9mg cm"2), the fuel cell voltage was
somewhat lower, i.e., 0.87 V. In both studies [8], competing anodic hydrogen evolution
was observed, lowering the columbic efficiency ofBH4 oxidation to 40-49% on sintered
Ni [8] and 70% in the case of Ni2B, respectively [8]. The low current efficiency and
accompanying H2 evolution has been attributed to the four-electron oxidation of
borohydride.
BH4"
+ 40H"^
B02"
+ 2H2+ 2H20 + 4e- (6)
In spite of the promising results reported in the 1960s, there has been a three-decade
hiatus, as suggested by the lack of published information, in the research and
development of borohydride fuel cells. Recently, Amendola et al., [6], developed a
borohydride fuel cell using Au (97%)-Pt (3%) alloy electroplated on carbon cloth as
anode while, the cathode was a commercial gas diffusion electrode separated from the
anode by an anion exchange membrane [6]. The maximum power density reached was 63
mWcm"2
at 70 C, corresponding to a current density of 158 mA/cm"2. Hydrogen
evolution affected the columbic efficiency of the system and the number of utilized
electrons was about seven out of a total of eight. In another recent approach, Li et al.
proposed a Zr-Ni hydrogen-storage alloy (Zr0.9Tio.iMno.6 V0.2 Co0.i NiU) as anode
material, similar to those used in nickel-metal hydride batteries. Furthermore, these
authors explored the possibility of using a cation exchange membrane as separator
material in the alkaline borohydride fuel cell. The maximum power density was higher
than in the work of Amendola et al., [6] e.g., 150mWcm"2 at 300mAcm"2 and 70 C.
However, hydrogen evolution was considered to be a major problem in spite of using a
hydrogen-absorbing Zr-Ni alloy [9, 10]. The hiatus in the development of borohydride
fuel cells might have been partly due to less intense research, as compared to studies
involving other fuels relevant to power generation (e.g., H2 and CH3OH), directed toward
understanding the complex electrode kinetic aspects of the
BH4"
oxidation as a function
of electrode material and pH (for a review see Li et al. 2003). Regarding the pH effect,
polarographic studies by Morris et al and Gardiner and Collatt [11, 12, 13] showed that
for hydroxide per borohydride concentration ratios ([OH"]/ [BH4"]) greater than 4.4. The
oxidation ofBHf on Hg electrode is an overall eight-electron process, characterized by a
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half-wave potential EI/2= 0.05 V vs. SHE. However, for concentration ratios [OH"]/
[BH4"] less than 4.4, the hydrolysis of
BH4"
gains significance producing BH3OH". The
latter species is oxidized in a three-electron process, at potentials more negative than
BH4 , as indicated by the Em= -0.396 V vs. SHE.
BH4"
+ H20^ BH3OH- + H2 (7)
BH3OH"
+
30H"
->
B02"
+ 3/2 H2 + 2 H20 + 3e-. (8)
The effect of electrode material is typically discussed in terms of
'catalytic'
and
'non-catalytic'
electrodes with respect to
BH4"
hydrolysis accompanied by H2 evolution.
In the case of Au, a 'non-catalytic' electrode, cyclic voltammetric studies by Mirkin and
Bard [14] revealed a single voltammetric wave between -0.12 and +0.38V vs. SHE for
BH4"
oxidation in 0.2M and 1M NaOH electrolyte.Microelectrode investigations led to the
conclusion that the
BH4"
oxidation on Au is an eight-electron process with the following
reaction.
BH4-+OH-^
BH3"
+ H20 (9)
BH3 ~BH3 + e- (10)
It has been proposed that the monoborane (BH3) formed is further engaged in fast
reactions with
OH"
and/or dimerization, yielding species, which are further oxidized to
produce the total eight-electron wave [15]. Regarding the oxidation ofBH4 on 'catalytic'
electrodes on the other hand, such as Pt, there is even less information. To our
knowledge, there are only three previous studies of this process on Pt [15, 16, 17], the
most recent one was published in 1989 [16, 17]. Elder and Hicking showed that Pt
catalyzes the evolution of H2 in contact with
BH4"
both at the open circuit potential and
under anodic polarization conditions. Ivanov and Tsionskii [16,17] concluded, based on
linear polarization experiments, that
BfL"
is electrochemically inactive on Pt in the
potential region between -0.8 and -0.3V Vs. SHE, and the observed electrochemical
response is due to the slow oxidation of surface-adsorbed hydrogen atoms formed by the
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catalytic decomposition ofBH4". Recent work by Gyenge [18] showed that addition of an
additive such as Thiourea (TU) at concentrations as low as 1.5mM effectively inhibits the
catalytic hydrolysis associated with
BH4"
electro oxidation on Platinum. TU could
improve the
BH4"
utilization efficiency and the columbic efficiency of direct borohydride
fuel cells using catalytic anodes. Peak potentials between 0 and -2 V have been observed
which indicate direct oxidation of
BH4"
and catalytic hydrolysis, which is otherwise
evident between -0.7 and -0.9 V [18].
In another reaction the sodium borohydride solution hydrolyzes to yield H2 gas and
sodium metaborate (NaB02).
The reaction ofNaBH4 withH20 is shown as follows:
NaBH4 + 2H20 > NaB02 + 4H2 (11)
Koshima et al [19] have developed a 10 kW-scale hydrogen generator that generates
high purity H2 gas from aqueous solutions of NaBH4. The generator was made up of a
fuel tank for the NaBH4 solution, a pump for the solution, the byproduct (NaB02)
solution storage tank, a separator and a hydride reactor. The reactor contained a
honeycomb monolith coated with Pt-LiCo02 catalyst. The maximum H2 generation rate
was 120 nl/min. The gravimetric and the volumetric H2 densities of the system were 2 wt.
% and 1.5 kg/1. In one of their papers, they have shown that the catalyst produced 100%
of the theoretical amount of H2 using excess water (H20/NaBH4 = 210 mol/mol).
Furthermore, it was demonstrated that NaB02 was recycled back to NaBH4 using coke or
methane [19]. In another study Amendola et al, 2000, used Ru catalyst for rapid
hydrolysis of H2 from sodium borohydride solution. The activation energy was 47
kJ/mole for the Ru catalyzed hydrolysis ofNaBH4. Hydrogen generated was equivalent of
-0.3 kW/g Ru catalyst at 25 C and ~ 2 kW/g Ru catalyst at 55 C [20].
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1.8 Carbon Nanotubes (CNT)
1.8.1 Introduction
Carbon nanotubes (Fig.4) are fullerene like structures, which consist of long, thin
graphene cylinders, closed at either end with_caps containing pentagonal rings. These are
large macromolecules that are unique for their size, shape, and remarkable physical
properties. An ideal nanorube can be thought of as a hexagonal network of carbon atoms
that has been rolled up to make a seamless cylinder. Just a nanometer across, the cylinder
can be tens of microns long, and each end is "capped" with half of a fullerene molecule.
They can behave like metals or semiconductors, can conduct electricity better than
copper, can transmit heat better than diamond, and they rank among the strongest
materials known. These intriguing structures have sparked much excitement in the recent
years. A large amount of research in laboratories all over the world has been dedicated to
the understanding of the physical and chemical properties ofCNT [21-24].
Fig. 3: Schematic ofa CNT
(From http://www.personal, rdg. ac. uk/~scsharip/tubes.htm)
1.8.2 History
CNTs were discovered in 1991 by the Japanese electron microscopist Iijima [39,
40] of the NEC Laboratory in Tsukuba. He used high-resolution transmission electron
microscopy to observe the material deposited on the cathode during the arc-evaporation
synthesis of fullerenes. He found that the central core of the cathodic deposit contained a
variety of closed graphitic structures including nanoparticles and nanotubes, of a type,
which had never previously been observed. A short time later, Ebbesen and Ajayan, from
Iijima's lab, showed how nanotubes could be produced in bulk quantities by varying the
arc-evaporation conditions [41, 42]. Although Iijima's first observations were on multi-
walled nanotubes, he also observed single-wall CNT two years later in 1993, succeeding
the discovery by Donald Bethune and colleagues at IBM Almaden in California [42]. In
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1996, for the first time, the Rice group, led by Smalley, synthesized bundles of aligned
single-wall CNT. [37].
1.8.3 Types ofCNT
Single Walled CNT (SWCNT)
A SWCNT can be thought of as a graphene sheet (Fig.4) rolled over to form a
seamless cylinder [31]. The diameter of a SWCNT is 0.7-5 nm. A SWCNT can be as
long as several hundred microns.
Fig. 4: Schematic ofa SWCNT
Multi Walled CNT (MWCNT)
These nanotubes have thicker walls, consisting of several coaxial graphene
cylinders separated by a spacing that is close to the interlayer distance in graphite (Fig.5)
[31]. The outer diameters ofMWCNTs are 2-25nm and the inner hollows are l-8nm.
Fig.5: Schematic ofaMWCNT
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Structure ofCNTs
There are many ways for a sheet of graphite to roll up into a perfect tube (Fig.6).
The tube's electrical conductivity depends on the alignment of the carbon atoms. The
different types are most easily explained in terms of the unit cell of a MWCNT- in other
words, the smallest group of atoms that defines its structure. The chiral vector of the
nanotube, Ch, is defined by Ch = n&i + wa2, where a.\ and a2 are unit vectors in the two-
dimensional hexagonal lattice, and n and m are integers. Another important parameter is
the chiral angle, which is the angle between Ch and a.i .
Zigzag tubes have carbon bonds that zigzag down their length, which makes them
good conductors of electricity, even better than regular metals. Zigzag nanotubes are
formed when both n or m values are zero, and the chiral angle is 0. Armchair tubes have
carbon bonds that are perpendicular to the length of the tube. They behave like
semiconductors, which either conduct or don't conduct electricity based on the
surrounding environment. These nanotubes are formed when n = m and the chiral angle is
30. All other tubes, with chiral angles intermediate between 0 and 30, are known as
chiral nanotubes. [41, 44]
Armchair
Zigzag
Chiral
Fig. 6: Schematic oftypes ofCNTs
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1.8.4 Synthesis
The CNTs can be synthesized by the following methods:
1.8.4.1 Arc Discharge Techniques
This is one of the foremost methods for the synthesis of CNTs [31]. In this
method, two graphite electrodes are placed about a millimeter apart. Typical electrode
temperature is around 3000-4000 K. An arc is generated across the electrodes by a large
DC current of 50-300 A (10-30 V) in a He atmosphere at pressures of 50-760 Torr. After
discharging for an hour, a deposited carbon rod builds up at the end of the cathode. The
cross-section of the rod consists of three regions- a gray core, a black ring and an outer
gray shell. The black ring is the part with the CNT formed in a bundle called the
'buckybundle'. The gray regions are amorphous carbon. This method is an unclean
process and also difficult to handle because of the soot which can be easily airborne.
Efficient cooling is required for doping graphite electrodes with transition elements like
Fe, Co, or Cu can produce homogeneous deposition ofCNTs. [32, 42, 43, and 45].
1.8.4.2 Laser Ablation Method
In this method a scanning laser beam, 300 mJ/pulse at 532nm is focused to a 6-7
mm diameter onto a metal graphite composite target [32]. The laser beam scans across
the target surface to maintain a smooth uniform face for vaporization. The target is
supported by graphite poles in a 1-inch quartz tube evacuated to 10 mtorr and then filled
with 500 torr Ar gas flowing at 50 seem. The tube is maintained at 1200C. The soot
produced is swept by flowing Ar gas from the high temperature zone, and deposited onto
a water-cooled copper collector positioned downstream, just outside the furnace. The
growth of nanotubes in this method proceeds by the condensation of pure carbon vapor.
The nanotubes produced have a single wall and very narrow distribution of diameters.
This method produces SWNTs with good purity. [32, 42, 43, 45]
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1.8.4.3 Decomposition ofHydrocarbons.
This method involves the catalytic decomposition of hydrocarbons over a
supported catalyst. The hydrocarbons such as acetylene or methane are allowed to flow
over a surface, which has catalytic metal nanoparticles such as Co, Cu or Fe deposited on
it. After catalytic decomposition of the hydrocarbon, the carbon atoms nucleate and grow
on the metal particles. The temperature needs to be maintained at 600-800C for
formation ofMWNTs and to 900-1200C for SWNTs. [32, 33, 42, 43, and 45]
1.9 Properties
The combination of size, structure, and topology endows CNTs with important and
unique properties [43].
CNTs have very high aspect ratios (length to diameter ratio), as high as 100 to
1000. [25]
They have large surface area of around 1000 m2/g. [23,27,28,29]
CNT can be either metallic or semi conducting depending on their helicity and
diameter.
They have very high temperature stability (up to 800 C in air).
Chemical stability ofCNTs is excellent. [26]
CNTs are diamagnetic and show a pronounced anisotropy of susceptibility.
They have non-linear optical properties, which depend strongly on the
diameter and symmetry of the tubes. [30].
The mechanical strength and rigidity of CNTs is exceptional compared to that
of any known material. The Young's modulus of SWNT is ~1 TPa [34] while
that ofMWNT is -1.28 TPa [35]. A maximum tensile strength of -30 GPa
[36] has been reported for CNTs.
CNTs have excellent electrical properties. Resistivity value is -
10"4 fl-cm
[36].
Thermal conductivity ofCNTs is ~ 2000 W/m/K [38].
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1.10 Potential Applications
AFM, STM, CFM probe tips [23, 28].
Electrodes for rechargeable batteries, Fuel Cells [27, 30].
Charge storage devices [25,28,29,30]
Chemical and biosensors [26].
Actuators and artificial muscles [26].
Hydrogen storage devices [27].
Supercapacitors [28, 29, 30].
Molecular electronics and nanomachines.
Aerospace applications.
Large-Area Field Emission Displays
Conductive coatings (courtesy Eastman Kodak Company)
1.11 Aim and Scope of the Thesis
A fuel cell reaction can be typified as a process of conversion of reactants to
products. This conversion involves changes in enthalpies and is shown in Figure 7.
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Fig. 7: Energy diagram for a typical exothermic reaction
(http://www. chemcool. com/regents/kineticsequilibrium/aim4.htm)
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At the anode sodium borohydride reacts, releasing energy. However, just because
energy is released this does not mean that the reaction proceeds at an unlimited rate. The
reaction has the classical energy form shown in figure 7. Although energy is released, the
activation energymust be supplied to get over the activation barrier. Ifprobability of a
molecule having enough energy is low, then the reaction will only proceed slowly.
Except at very high temperatures, this is indeed the case for fuel cell reactions [4].
There are three main ways to deal with the slow reaction rates:
The use of catalysts
Raising the temperature
Increasing the electrode area.
The first two factors can be applied to any chemical reaction. However, the third is
special to fuel cell and is very important. The rate at which the oxidation takes place on
the fuel cell electrode is proportional to its area. Electrode area is such a vital issue that
the performance of a fuel cell design is often quoted in terms of current per cm2.
However, the straightforward area (length * width) is not only the issue. Fuel cell
electrodes are made highly porous so that it greatly increases the effective surface area.
Modern fuel cell electrodes have a microstructure, which gives them surface areas that
can be hundreds or even thousands of times, their straightforward area (length* breadth).
Multi-walled CNTs have larger surface area, as much as thousand times as
compared to the conventional graphite [43, 44] that is used for making electrodes, they
are highly electrically conductive and can reduce electrical loss in an electrode structure
and provide greater cell design flexibility. The first report of using MWCNTs as an
electrode material came in 1996 from a paper by Britto et al. (45). This work provided
impetus to use ofMWCNTs as electrodes. They also provide a means of increasing fuel
cell current density at reduced catalyst loadings. Incorporation of highly conductive multi
wall CNTs in one or both electrodes improves heat distribution and reduces temperature
gradients. Porosity in the fuel cell electrode assemblies is a desirable attribute in order for
fuel and oxidizing gases to reach the supported catalyst particles. CNTs can be made into
structures that are permeable by liquids and gases. In sodium borohydride fuel cell, water
is a diluent for the fuel, which means that water will be present on both the anode and the
cathode. It is desirable for the fuel cell electrode material to have both high porosity and
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hydrophobicity, so that water is not retained in the electrodes and impair the ability of the
electrode to transmit gases. CNT surfaces are highly hydrophobic and can be fashioned
into gas and liquid permeable forms such as mats and membranes. This would improve
water transport in the fuel cell. Since temperature gradients in the fuel cell assemblies can
reduce performance and lead to fuel cell failure, it is desirable for a fuel cell to be
constructed in such a way that reduces such temperatures. Incorporation of highly,
thermal conductive MWCNTs in one or both the electrodes, improves heat distribution
and reduces temperature gradients [21].
This thesis is directed towards developing higher surface area electrodes for
sodium borohydride fuel cells, using CNT. It reports the functionalization of the multi-
walled CNT with concentrated nitric acid and metallization with catalytically active
platinum. For comparison, electrodes made out of non-functionalized, functionalized and
metallized CNT were made and tested for electrode properties. The functionalized
electrodes provide a larger surface area and higher catalytic loading, resulting in higher
current densities and power output for the fuel cell as compared to the commercially
available catalytic graphite. Polymeric electrodes have also been studied as anodes or
cathodes in fuel cells.
The electrodes were prepared in three combinations a) Non functionalized and
non-metallized electrode b) Non-functionalized and metallized electrodes c)
functionalized and metallized electrodes. They have been characterized using FTIR,
TGA, X-Ray diffraction, Cyclic Voltammetry and SEM. The electrodes were fabricated
in a micropipette using a binder. A prototype was constructed using metallized and
functionalized CNTs.
The thesis is divided into four chapters. The first chapter is introduction to the
review of developments. The second chapter gives the experimental details. This is
followed by the experimental results and interpretations followed by the last chapter,
which includes some work done on polymeric electrodes that would need further
investigation.
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CHAPTER 2
2 Experimental Details
2.1 Preparation ofCNT electrode
A micropipette tip was used to hold the MWCNTs with the help ofNujol as the
binder. 150mg of CNTs were used with 0.3gm ofNujol. The electrode was packed with
CNTs to ensure good electrical contact. Copper wire was used as lead wire for electrical
contact. The MWCNTs were obtained from Deal International Inc. and were 35% pure.
Theywere synthesized by Laser Ablation method and were free from catalyst particles.
2.2 Functionalization ofCNT
CNT are functionalized with concentrated nitric acid to improve the adhesion of
the catalyst particles to the inner and outer walls of the MWCNTs. The functionalization
with nitric acid (60-70%), results in hanging pendant -COOH groups, confirmed by FT
IR and TGA studies, which act as sites for binding of nano-Platinum particles. The
MWCNTs were refluxed for 12 hours at 100 C in 40ml of 60-70% nitric acid. The solid
mass was removed my centrifugation for 60 min at 1500 rpm, after which they were
washed with distilled water to remove the traces of acid and then were taken on a filter
paper and dried in an oven at 80 C for 3 hours.
2.3 Metallization ofCNT
Metallization of MWCNT with platinum was done by the process of electro-
deposition. The electro catalytic mass activity ofPt clusters in a periodic array of ordered
nanoporous carbon is higher than that ofplatinum in carbon black samples, [58] and thus
the former are suitable for borohydride oxidation. A 1 .3mM solution of choloroplatinic
acid in 0.5 M H2S04 was used for electro deposition. The dried mass on MWCNTs was
ultrasonicated in 50 ml of acetone for 30 min. The acetone was then decanted and
allowed to evaporate. An electrode was fabricated using these nanotubes. The electro
deposition was done in a standard three-chamber glass cell using Pt as counter electrode
and SCE (Saturated Calomel Electrode) as the reference electrode. Gamray software
version 3.11 was used to do the deposition using cyclic voltametry. The deposition time
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was increased from 30 min to 300 min for increasing the amount of platinum deposition.
The deposition curve for platinum is shown below. The platinum deposition is evident at
the oxidation peak at 0.31V vs. SCE. (Fig.8)
-2.00E-05
Cyclic Voltammetry
Cv.dta' 2/24/2005-15:1:8
-0.100 0.100 0.300 0.500
Potential (V)
0.700
Fig.8: Platinum deposition on carbon nanotubes using the Gamray software.
2.4 Characterization Techniques
2.4.1 Fourier Transform Infrared Spectroscopy (FTIR)
IR spectroscopy is an invaluable tool in organic structure determination and
verification. It is widely used for the characterization of functionalized CNT. The
functionalization of the nanotubes was indicated by the presence of carboxylic acid peaks
in the spectra of the functionalized MWCNTs. A Bio-Rad Excalibur Series FTS 3000
instrument was used to analyze the various samples using a diffuse reflectance cell. The
spectra were obtained from 4000-400 and 64 scans were obtained for each sample.
The resolution was set at 4cm"1.
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2.4.2 Cyclic Voltametry (CV)
CV is an electroanalytical method in which the current response of a small
stationary electrode in an unstirred solution is excited by a triangular potential waveform.
The current is measured as a function of potential. CV is used to study fundamental
oxidation and reduction processes in various media, adsorption processes on surfaces,
electron transfer mechanisms of chemically modified electrodes and for determining
charge storage capacity of potential battery electrode materials. The electroanalytical cell
consisted of three electrodes, immersed in solution containing an analyte. The working
electrode was made of the MWCNT, a saturated calomel electrode was used as the
reference electrode and graphite or platinum plate electrode was used as the counter
electrode. A micropipette tip was filled with the MWCNT and used as the working
electrode. The exposed area of the working electrode was around 0.2mm2. Gamray
instruments framework version 3.11 software was used for CV.
2.4.3 Thermogravimetric Studies
The nanotubes before and after functionalized were analyzed by
thermogravimetric analysis to determine whether the degradation temperature and
characteristics change after functionalization. The thermogravimetric studies were done
on TGA 2050, TA Instruments, using the ramp and isothermal hold method. The
MWCNT sample was degraded under air at 1000 C at a ramp rate of 10 C /min. and
was held isofhermally for 20 min.
2.4.4 X-Ray Diffraction
X-Ray diffraction spectrum was recorded using Philips XRD spectrometer using
CuKal radiation source. The 20 reflections range was set from 15 to 90 degrees. XRD
was used mainly to observe the evidence of Pt deposition on CNT and its behavior as a
function ofdeposition time.
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CHAPTER 3
3. Results and Discussions
The electrochemical oxidation ofborohydride has been investigated previously. It
is supposed to be a stepwise process [14], complicated by a stepwise hydrolysis reaction
[15]. Therefore, there may exist several intermediates and different reaction routes for the
oxidation of borohydride. For example, Elder and Hickling [16] proposed the following
reaction scheme for the anodic behavior ofborohydride on a smooth platinum surface.
Initial Step
BH4- + Pt-2e^Pt-BH3 + H+ (12)
Pt -BH3 + OH^ Pt-BH3OH- (13)
Rate-determining Step
Pt 2e - Pt -B^OH + H+ (14)
Pt -BH2OH + H20 ^ Pt + BH2
(OH)2"
+ H+ (15)
Slow Hydrolysis
Pt + H20 - Pt + BH2 (OH)2"+ H2 (16)
Completion Step
BH2(OH)2"
+ H20-*
BH(OH)3"
+ H2 (17)
BH(OH)3"-^
H2B03"
+ H2 (18)
3.1 Thermogravimetric analysis ofMWCNTs
MWCNTs used here showed TGA characteristic as shown in Figure 9. At about
800C a weight loss of 100% is reached indicating that no residue is left behind.
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Sample MCNT-Vigin
Size 2 2380 mg
Method CNT TGA
TGA
Pile C . AkedartCNTVirgin 002
Operator Tejas
Run Date 1-Feb-05 16 34
400 600
Temperature (C)
1000 1200
Jntversal V3 6D TA Instruments
Fig.9: TGA ofvirgin MWCNT
Sample MWCNTIunc12hrs
Size 1 8350 mg
Method CMTTGA
File C. \kedartcntfucn12 001
TGA Operator kedar
Run Date 8-Feb-05 1057
400 600
Temperature (C)
1000
universalV? 6D TA Instruments
Fig.10: TGA offunctionalizedMWCNT
The nanotubes before and after were analyzed by thermogravimetric analysis to
determine whether the degradation temperature and characteristics change during
functionalization. Figure 10 shows the TGA graph of the core ground material as
received and Figure 1 1 shows that of the functionalized CNT. The graphs show a change
in slope in the two samples. The graph for functionalized MWCNT shows a higher slope
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than that of the virgin CNT. This indicates a less amount ofweight change with respect to
temperature. The possible difference could be due to the carbonyl end groups that have
been acquired during functionalization. It would be harder to oxidize the carboxyl groups
than to oxidize pure carbon, causing the degradation time to increase with temperature.
3.2 Evidence for functionalization by FT-IR spectroscopy
3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumber
Fig.ll: Non-functionalizedMWCNT
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'
3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1O0O 800 600 400
Wavenumber
Fig.12: FunctionalizedMWCNT
35
Figure 1 1 shows the FTIR spectra of the virgin CNT. There is no peak in the
range of 1700-1900 wave numbers, indicating no presence of carbonyl groups. Figure 12
shows the CNT after functionalization with nitric acid. There is a broad band in the range
at 1700-1820 cm"1, showing presence of carbonyl (C=0) group.
3.3 X-Ray Diffraction Analysis
CNT were examined by X-ray diffraction. The 26 reflections are given in Figure
13. The observed pattern agreed with the one reported in literature [55]. Figure 13 shows
the peak forMWCNT at 26 = 25 deg as expected.
[KEDAFU moi | Funotional ixad CNT <P>i-0 D>
Two-Theta (deg)
Fig.13: XRDpattern ofFCNTwithout any deposited Platinum
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Fig.14: XRD image ofFCNTwith depositedPlatinum
Figure 14, shows the XRD pattern for platinized CNT. The peak at 29 = 44 deg is
indicative of platinum and agrees with the literature data (29 =40 deg). The shift in the
peak is a result of the platinum being stressed or impurities present on the surface of the
platinum due to the deposition process. The peaks at 29=54 and 78 are weak due to the
small particle size of the deposited platinum. [55].
3.4 Scanning Electron Microscopy (SEM)
Figure 1 5 shows the SEM image of the platinized CNT. The platinization
is evident by the highly reflective deposition on the outer walls of the dark contrasting
particles ofCNT.
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Sample D
Fig.15: SEM image ofplatinizedmulti-walled CNT. Image above is at resolution of
lOOx and image below at 200x.
3.5 Surface Area Determination by Cyclic Voltammetry
The effective surface area of the electrode is determined by finding the peak
current by cyclic voltammetry of the CNT electrode in ferrocynaide solution. The value
of the peak current is put in the diffusion formula to get the effective surface area. [56,
57]
.1/2 * 1/2ip= (2.65e5)V" * A* D " v"z* C
where,
ip = peak current
n= number of electrons (=1 for ferrocynaide oxidation)
A= effective surface area of the electrode
D= diffusion coefficient (D= 0.76e-5 cm2/s)
V= sweep rate
C= concentration
(19)
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At a sweep rate of v= 20 mV/s, ip= 6uA was obtained. Using this data and equation (19),
the average surface area was calculated to be 0.036 cm2.
3.6 Cyclic Voltammetric Oxidation ofBorohydride at non-platinizedMWCNT
The electrochemical oxidation of borohydride in 4M KOH medium, 10% wt/vol.
of sodium borohydride was examined using non-platinizedMWCNT electrode. The room
temperature of the electrolytic solution was 22 C. These conditions were kept standard
throughout the experimental work. The virgin MWCNT electrodes did not show any
evidence for borohydride oxidation by CV. After functionalization of the MWCNT we
could see not so well defined oxidation peaks in CV, although they are visible in the
recordings at different sweep rates and different concentrations. Figures 16 and 17 show
the cyclic voltammetric features of borohydride oxidation at sweep rates 10 mV/s and
100 mV/s respectively. The oxidation appears to be very slow. However, when the
oxidation is carried out on platinum or platinized MWCNT electrode, the cyclic
voltammetric features were improved and well-defined peaks were observed as shown by
Figure 20.
Cyclic Voltammetry
Cv.dta' 4/12/2005-17:18:0
1.00E-05
5.00E-O6
-2.00E-05 4
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-0.200 0.000
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Fig.16: Oxidation ofborohydride on functionalized, non-platinizedMWCNTs.
Concentration is 10 mg ofsodium borohydride in 20 ml of4MKOH.
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Cyclic Voltammetry
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Fig.17: Oxidation ofborohydride on functionalized, non-platinized. Concentration is
lOmgof sodium borohydride in 20 ml of4MKOH. Sweep rate is 100 m V/s.
The cyclic voltammetric curves in Figures 16 and 17 show oxidation of sodium
borohydride on functionalized, non-platinized CNT electrodes. The use of this material as
anode in the borohydride battery resulted in the open circuit voltage for such a battery of
0.21V and the open circuit current of 9 uA. Load curves were obtained using variable
resistor console. The cell was connected to variable resistor console, voltmeter and
current meter. The output current was recorded with the varying voltage. The data is
shown in table 3 below and the load curve depicted in fig. 18.
Table 3. Current-Voltage datafor load curve generation
Voltage (V) Current (uA) Current Density (uA/cm2)
0.21 0 0
0.13 0.1 2.78
0.09 0.32 8.88
0.02 0.76 21.1
0 0.9 25
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Load Curve for only Functionalized MWCNTs
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Fig.18. Load curveforfunctionalizedMWCNT, borohydridefuel cell
3.7 Cyclic voltammetric Oxidation ofBorohydride at Platinized MWCNT electrode
The oxidation of borohydride at CNT electrode is not distinctly visible in the
cyclic voltammetric recordings carried out in the expected potential region of -0.6 to
+0.30 V. However, platinized CNT electrode produced distinct anodic peak for
borohydride (figure 20; compare it with figure 19 which is a background scan). In order
to establish that the oxidation is due to borohydride, cyclic voltammetric curves were
recorded for successively increasing concentration. In section 3.8, analysis of cyclic
voltammetric curves is discussed. The current increase pattern suggests that the oxidation
is diffusion controlled besides being due to the borohydride oxidation.
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CyclicVoltammetry
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Fig.19: Background scan ofplatinized, functionalized CNTs in 4MKOH.
Cyclic Voltammetry
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Fig.20: Oxidation ofborohydride on platinizedMWCNTs. Concentration is 10mg of
sodium borohydride in 20ml of4MKOH. Sweep rate is 10mV/s.
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3.8 Analysis of Sodium Borohydride Oxidation Peak Observed in Cyclic
Voltammetry using PlatinizedMWCNT
The cyclic voltammetric oxidation ofborohydride in 4 M KOH produced the
results shown in Table 4. Due to slow hydrogen evolution from the medium there is
scatter in the data.
Table 4. Cyclic Voltammetric Oxidation ofBorohydride in 4MKOHmedium at
PlatinizedMWCNT
Cone
NaBH4
mM Sweep rate (mV/s) Eoc(V) lc (*10e-4A)
lpc/(sweep
rate)l/2(10e-4) lDC/ (sweep rate)
6.60 10 -0.41 0.45 0.14 0.045
6.60 20 -0.44 0.30 0.067 0.015
6.60 50 -0.48 0.24 0.033 0.0048
6.60 100 -0.48 0.20 0.02 0.002
13.20 10 -0.39 0.60 0.18 0.06
13.20 20 -0.4 0.84 0.18 0.042
13.20 50 -0.43 0.55 0.077 0.011
13.20 100 -0.47 0.40 0.04 0.004
26.40 10 -0.43 0.90 0.28 0.09
26.40 20 -0.42 1.12 0.25 0.056
26.40 50 -0.41 1.18 0.16 0.0236
26.40 100 0.47 1.20 0.12 0.012
52.80 10 -0.38 2.41 0.76 0.241
52.80 20 -0.4 2.11 0.47 0.10
52.80 50 -0.42 1.47 0.20 0.03
52.80 100 -0.47 1.50 0.15 0.015
The current function data shows that the oxidation is more towards diffusion controlled
than adsorption controlled. Figures 21 and 22 give the current function plot analysis. The
data indicates that at slow sweep rates, the oxidation conforms more towards diffusion-
controlled process; at higher sweep rates, the electrode response has not been fast. The
different curves in the figures represent for different concentrations ofborohydride in the
medium.
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Fig.21: Plot ofCurrentfunction with sweep rate 5 mg=6.60mM;
10 mg= 13.20mM; 20mg=26.40 mM; 40mg=52.8 mM.
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Fig.22: Plot ofPeak Current normalizedfor sweep rate vs. sweep rate, 5 mg=6.60mM;
10 mg= 13.20mM; 20 mg=26.40 mM; 40mg=52.8 mM.
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3.9 Load Curve ofBorohydride Fuel Cell with Non-Functionalized CNT
Borohydride fuel cell was constructed using CNT electrode as anode and
commercially available oxygen (air) electrode as cathode in a tank containing 4 M
sodium borohydride solution. The fuel cell configuration is shown below:
CNT (Pt)/ 4M NaBH4/Membrane Q2/Pt (20)
The cell was connected to variable resistor console, voltmeter and current meter. Table 5,
shows the current, voltage and power density data.
Table 5. Current density-Voltage Output ofnon-functionalized, metallized,
borohydride-CNTFuel Cell at room temperature
Voltage (V) Current (mA) Current Density (mA/cm2)
Area of the electrode = 0.036
cm2
0.934 0.07 1.93
0.942 1.64 45.32
0.944 2.64 72.96
0.947 3.01 83.19
0.944 3.78 104.47
0.944 3.74 103.37
0.942 3.74 103.37
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Current Density vs. Cell Voltage
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Fig.23: Load curveforplatinized,non-functionalized CNT, borohydridefuel cell
3.10 Load curve of borohydride fuel cell with Functionalized CNT
In another modification of borohydride fuel cell, functionalized CNTs were used.
CNT(f)/Pt/ 4 M KOH/Membrane Oi/Pt (21)
The performance of this fuel cell was examined in the manner described in section 3.9.
The current-voltage data is given in Table 6. The available current and voltages from this
fuel cell are very similar to non-functionalized CNT. Consistently, the performance of
this cell is better than the graphite based fuel cell.
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Table 6. Borohydride Fuel Cell and Generation ofLoad Curvefor Functionalized
CNTs
Voltage (V) Current (mA)
Current density
(mA/cm2)
Power density
mW/cm2
0.952 Open circuit
0.938 0.07 1.93
1.81
0.855 0.75 20.72
17.71
0.814 0.8 22.11
17.99
0.435 3.73 103.09
44.84
0.096 7.09 195.96
18.8
Figure 24 shows the load curve for the borohydride-CNT fuel cell. The
maximum voltage that is obtained is 0.95 V. The voltage output is almost identical to the
fuel cell operating with platinized graphite substrate. Amendola et al [6] reported the
performance of borohydride fuel cells with highly dispersed gold/platinum particles
supported on high surface area carbon silk (3.6 cm2). They obtained a current density of
68mA/cm2at 0.1 V and 50.0
mA/cm2
at 0.40 V. Comparing this data with that in Table
2, the current output is nearly 2.8 times more than that has been reported in the literature.
Besides Amendola et al obtained a maximum voltage of 0.90 V. Our group has thus
obtained a voltage gain of 5.5% and current gain of 188% with borohydride-CNT fuel
cell constructed here. The power output of this cell is also higher, around 44
mW/cm2
compared with 20
mW/cm2
reported in the literature [6]. Figure 25, shows a plot of
power density as a function ofvoltage.
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Figure 25, shows the load curve for this fuel cell. The power out put of the fuel cell is 44
mW/cm2
3.11 Borohydride Oxidation at Polycarbazole (Pcz) Electrode
In an attempt to develop other fuel cell anodes that would overcome
typical problems of cells, polycarbazole has been chosen [46-51] This polymer has the
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3.11 Borohydride Oxidation at Polycarbazole (Pcz) Electrode
In an attempt to develop other fuel cell anodes that would overcome
typical problems of cells, polycarbazole has been chosen [46-51]. This polymer has the
highest oxidation potential and has been examined as an electrode material previously
[50, 51, 52] for electrochemical work. The electrochemical oxidation of borohydride at
Pcz electrode has been examined in 1M KOH electrolyte using cyclic voltammetry.
Figure 26 shows the typical pattern obtained at this electrode. The cyclic voltammetric
characteristics are given in Table 6. The data suggests that the oxidation of borohydride
at the Pcz electrode is diffusion controlled. The oxidation of borohydride at the Pcz
electrode increases with increasing sweep rate suggesting that it is ideal for the fuel
cell. Fuel cells of the following types were constructed (note that in some cases, Pcz
functions as cathode instead of as anode). The peak current is proportional to the
concentration of borohydride in solution as depicted by the linearity of the data in Figure
27. The borohydride oxidation is thus proportional to its concentration.
3.OOE-05
2.50E-05 --
2.00E-05 --
Current (A)
1 .50E-05
1.OOE-05 --
5.00E-06
O.OOE+00
-0 600 -0.500 -0.400 -0.300 -0.200
Potential (V) vs. SCE
-0.100 0.000
Fig.26: Cyclic voltammetric curve ofsodium borohydride in 1MKOH at Pcz
electrode. Thepotential is with respect to saturated calomel electrode. Sweep
rate lOmV/s. (Arrows indicate the direction ofthe voltage sweep).
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Table 7. Cyclic voltammetric Oxidation ofSodium Borohydride in 1 MKOH at Pcz
Electrode
Sweep rate (mV/s) Epa vs. SCE. (V) Ipa(uA)
10 -0.292 28.50
20 -0.326 37.90
50 -0.314 45.00
Anodic peak current vs concentration
8.00E-04
7.00E-04
6.00E-04
< 5.00E-04
1 4.00E-04
j 3.00E-04
2.00E-04
1 .00E-04
0.00E+00
20 40 60 80 100
concentration(mg/20mL 1M KOH)
120
Fig.27: Plot ofCVpeak current vs. concentration ofborohydride in solution.
3.12 Borohydride Fuel Cells with Polycarbazole electrode
Two types of fuel cells were examined here in the general configuration
Cathode | Fuel, Electrolyte | Anode
Pcz | NaBrL,, 1 M KOH, 02 1 Zn (22)
Cu I NaBtt,, 1 M KOH, 02 1 Pcz (23)
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The open circuit potentials and potentials under different loads were studied and the
results are given in Table 5..
Table 8. Fuel cell characteristics with Pcz electrode
Fuel Cell/Battery
Voltage with
NaBH4 fuel,
(V)
Pcz and Zn electrodes with 1M KOH and
NaBH4, 02
1.32
Pcz and Cu electrodes with 1M KOH and
NaBH4, 02
0.24
The open circuit voltage obtained in one cell is higher than the conventional
electrodes used in borohydride fuel cell (0.90 V). The above cells were operated without
any membrane separation between anode and cathode, which makes fabrication of the
cell simpler for small current densities with reduced manufacturing cost. Cu electrode in
borohydride fuel cell reduces the voltage-the mechanism is not clear and is being
examined. The effect of concentration ofNaBH4 on the current-voltage behavior has also
been studied. The results show promise for developing borohydride fuel cell using the
new electrodes.
Borohydride fuel cells were constructed using Pcz electrode as cathode and platinum
electrode as anode in 1 M K2S04. The cell voltage reached a value of 1.369 V. With time,
the voltage dropped and peeling off of the Pcz film occurred. This is attributed to the
slow hydrogen evolution occurring in the medium. Hence load measurements could not
be carried out. In another fuel cell configuration, Pcz electrode as anode and commercial
oxygen electrode as cathode, the cell voltage reached about 0.484 V and the performance
were similar to that described in section 3.9.
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It has been demonstrated that borohydride is oxidizable directly at the
Polycarbazole electrode. Other polymers like PEDOT/PSS, Polyaniline and
Polythiophene have been examined previously for electrode materials and electrode
supports for hydrogen-oxygen fuel cells [50, 53, and 54]. The anodic current is
proportional to concentration of the borohydride in the medium. Fuel cells were
constructed using the polycarbazole electrode using it as anode or cathode. Preliminary
experiments carried out with borohydride cells demonstrate promising output voltages.
Future work on constructing the load curves and power density maps would be useful in
deciding the effectiveness of the polymeric borohydride fuel cells.
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CHAPTER 4
4.0 Conclusions and FutureWork
It has been demonstrated for the first time the utility of multi-walled CNT for
Borohydride fuel cell. The performance of the platinized multi-walled CNT is superior to
the existing technology. The current and voltage outputs are higher by 188% and 5.5%.
[6]. Besides the power density from the MWCNT based fuel cell is more than two times
the reported value in the literature [6]. Under some conditions the functionalized CNT
performance is superior to non-functionalized carbon nanotubes. In the former case,
insertion of carboxylic acid group is indicated by the Infrared spectroscopy. Platinization
of the CNT is expected to anchor it on the surface providing an improved catalytic
activity. This aspect needs to be probed further in the later studies by running the fuel cell
for an extended period and measuring the performance characteristics.
Improved performance of the borohydride fuel cell with platinized CNT opens up
interesting aspects on the nature of catalysis. Tubular geometry of the nanotubes with
defect centers seems to provide better orientation of the metal for oxidative reactions. As
the metal is deposited both inside and outside the nanotubes, the question arises as to
which part produces better catalysis. All the results obtained here demonstrate that the
overall catalysis is superior to the conventional platinized graphitic surface [6]. This
opens up debate on an interesting aspect of planar geometry to curved geometry in fuel
cell catalysis.
The current research has provided us with very interesting results. It would be
exciting to examine other inexpensive catalytic materials in this type of fuel cells. Our
research has shown the feasibility of CNT as a catalyst support material for fuel cells. It
should be interesting to study borohydride fuel cells using SWNTs in place of
multi-
walled CNT Also further studies need to be done on developing theoretical models for
borohydride oxidation on the catalyst bound to the surface of the CNT. Composites made
form electrically conducting polymers and CNT could also prove useful as electrode
materials.
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